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SUMMARY

An isolated, hingeless rotor with discrete flap and lead-lag flexures and relatively rigid
blades was tested in the Aeroflightdynamics Directorate’s 7- by 10-Foot Wind Tunnel. The
purpose of the test was to determine experimentally the lead-lag stability of a structurally
situple rotor configuration in forward flight. The model tested had no cyclic pitch control,
and was therefore operated untrimmed at several collective pitch angles, at shaft angles
from 0° to —20°, and at advance ratios as high as 0.55. Two inplane natural frequencies,
0.61/rev and 0.72/rev, were tested for configurations both with and without structural flap-
lag coupling. Concomitant hover testing of the model was also conducted. Representative
plots of the frequency and damping data are presented to show general trends, and complete
tabular data and model properties information are included for use in detailed correlation
studies. The most prominent feature of the forward flight data is an abrupt increase in
damping with advance ratio at certain high-speed, high shaft-angle conditions, with high
flapping loads. The hover data are consistent with previous experimental and theoretical
results for hingeless rotors without kinematic couplings. Overall, the data quality is very
good and the data are expected to be useful in the development and validation of rotor
aeroelastic stability analyses.

NOMENCLATURE
B.S. blade station, from center of rotation, in.
cd airfoil drag coefficient
c airfoil lift coefficient
a airfoil angle-of-attack, to chord line, rad
a, rotor shaft angle, negative for forward tilt, deg
I advance ratio
o damping exponent, 1/sec
0o blade collective pitch angle, t« chord line, deg
w natural frequency, Hz
Q rotor speed, rpm
INTRODUCTION

The general problem of predicting rotorcraft aeromechanical and aeroelastic stability
encompasses an array of analytical challenges. Structural dynamic complications include
significant geometric nonlinearities, geometric stiffness, coupling between the rotor and the




nonrotating system, configurations with redundant load paths, and the widespread use of
composite and elastomeric materials. Aerodynamic complications include rotor wake effects,
nonlinear airfoil effects, transonic flows, and rotor-body aerodynamic interactions; all of
which are, for the stability question, unsteady phenomena, and all of which may exist both in
hover and forward flight. An additional complication whose importance promises to increase
in the future is the effect of active controls. Developing an analysis which will accurately deal
with all of these effects for an arbitrary rotorcraft configuration at any operating condition
is a formidable task.

Specialized investigations of simple configurations and restricted flight conditions can
emphasize the effects of one complicating factor and minimize the effects of others. For such
cases, systematically comparing the results of various analyses with appropriate experimental
data sets can give insights into the fundamental dynamic behavior of rotorcraft, as well as
expose the specific strengths and weaknesses of the analyses. A number of such investigations
have been conducted, and cases for which experimental data are available include: an isolated
(i.e., the hub is fixed rigidly in space) torsionally soft elastic blade both in a vacuum (ref. 1),
and in hover (ref. 2); an isolated hingeless rotor with rigid blades, flap- and lead-lag degrees
of freedom, and various aeroelastic couplings in hover (refs. 3 and 4); a coupled hingeless
rotor-body with rigid blades and discrete flap and lead-lag flexures, both under simulated
vacuum conditions and in hover (ref. 5); and a simple isolated bearingless rotor in hover

(ref. 6).

None of the investigations above deals with the effects of forward flight; the present
work was intended to examine this area. Theoretical work has indicated that forward flight
can have large effects on blade flap-lag stability (refs. 7 and 8), but a lack of experimental
data has hampered the validation and refinement of those results. Coupled rotor-body
stability data in forward flight are available (ref. 9), but isolated rotor flap-lag stability data
are lacking. Although rotor-body testing more closely represents actual rotorcraft in flight,
isolated rotor studies are probably even more valuable for examining the effects of forward
flight because there are no body coupling effects present to obscure the results. Rotor-body
conpling is a relatively tractable problem which can be dealt with separately. The primary
objective of the research reported here was to obtain a set of isolated rotor flap-lag stability
data in forward flight for correlation with existing and future analyses. Whercas all of the
isolated rotor tests referred to above used two-bladed rotors, for this experiment a three-
bladed rotor was chosen, in part so that the role of dynamic inflow (ref. 10) in isolated rotor
flap-lag stability could be assessed.

This report presents an extensive set of experimental aeroelastic stability data and sup-
porting documentation for the specialized case of an isolated rotor in forward flight. The
model tested was a three-bladed, soft-inplane, hingeless rotor with discrete flap and lead-lag
flexures and relatively rigid blades. The model structural configuration and control system
were kept as simple as possible to more effectively isolate the effects of forward flight aerody-
natnics on lead-lag damping. The test was conducted in the Aeroflightdynamics Directorate’s
7- by 10-Foot Low Speed Wind Tunnel at Ames Research Center. Two nominally identical
rotor models were tested, Rotor I and Rotor II. Rotor I was tested extensively in hover, and
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then tested in forward flight up to very high flapping conditions at a single rotor speed and
a single collective pitch angle. When the flexures of Rotor I exceeded their fatigue life, a
second set of flap and lead-lag flexures was installed with the blades on the hub, which gave
Rotor II. Although Rotors I and II were identical in design, due to manufacturing differences
the flap and lead-lag flexures of Rotor II gave slightly different fundamental frequencies than
did Rotor I. Rotor II was tested in forward flight at two rotor speeds, and three collective
pitch angles, both with and without structural flap-lag coupling, but it was restricted to less
extreme flapping conditions than Rotor I. Only limited hover testing was conducted with
Rotor II. Although the differences between Rotor I and Rotor II data are quite small for
otherwise identical conditions, the rotor used is specified for each datum presented. Some of
the data presented here have previously been published and compared to analytical predic-
tions of lead-lag damping based on both linear (ref. 11) and nonlinear (ref. 12) quasi-steady
aerodynamic theories.

This data report describes the model, instrumentation, test procedures, and data anal-
ysis techniques used for the experiment; presents representative plots of the data obtained;
and includes complete tabulations of the data for use in future correlations with analyses.

EXPERIMENT DESCRIPTION

Model Description

A photograph of the rotor hub and blades installed on the model is shown in figure 1.
Considerable analytical research has been conducted using the simplifying representation
of a hingeless rotor as a set of rigid blades with offset, coincident, spring-restrained flap
and lead-lag hinges, (ref. 7); the model tested was designed to closely approach this simple
analytical idealization. To accomplish this the model used lead-lag and flap flexures, shown
in an exploded-view drawing in figure 2. Two stiff “side beams” attached the outboard end
of the single element lead-lag flexure to the inboard end of the double-element flap flexure
so that the lead-lag and flap flexural wehs were both centered at 11% of the rotor radius.
The flap flexure was very stiff in the lc. d-lag direction and the lead-lag flexure was very
stiff in the flap direction. Both flexures were designed to be as stiff as possible in torsion
so as to minimize elastic pitch motion inl Hard of the blade root. The measured torsional
stiffness of the flexure assembly was 215 in-1bs/radian, which gave a nonrotating fundamental
blade-torsion frequency of 149 Hz. This value is equal to 9/rev at the highest rotor speed
tested.

The model had no cyclic pitch control, and the collective pitch angle was set manually
prior to operation. This resulted in trim conditions with unrestricted cyclic flapping, and
which satisfied no particular force and moment requirements. Rotor flapping flexure strain
allowables determined the limits of the shaft angle versus advance ratio test envelope at a
given collective pitch. While these are not normal rotorcraft operating conditions, they do
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represent well defined and challenging conditions for analytical validation and development
exercises. Eliminating the swashplate and pitch bearings minimizes control slop and friction
damping, which allows higher quality model-scale dynamic data to be obtained than would
be possible otherwise.

The model incorporated means for varying the amount of structural coupling between
the flap and lead-lag motions of the blade, an important factor in hingeless rotor aeroelastic
stability (ref. 3). This was accomplished by setting the collective pitch either by rotating
the blade relative to the blade socket, giving essentially no flap-lag structural coupling, or
by rotating the entire flexure assembly and the blade along with it, relative to the hub
adaptor, giving full flap-lag structural coupling. These two possible pitch-change locations
are identified in figure 2. The flexure-blade assemblies were mounted to the hub so that,
when the flap and lead-lag angles were zero, the line along the blade quarter-chord was
normal to the rotor shaft and passed through its center.

Figure 3 shows the details of the blade planform and cross section. The blades were com-
posed of stiff Kevlar spars with tantalum leading edge weights for chordwise mass balance,
balsa wood cores, fiberglass reinforcement at the trailing edges, and fiberglass overwraps for
torsional stiffness. The blades were untwisted and untapered, with the root cutout at 18.6%
and the NACA 23012 airfoil section beginning at 24.8% of the radius and continuing to the
tip. The elastic axis, pitch axis, and axis of section mass centers were all located at the
quarter chord. The blades were much stiffer than the flexures in both the flap and lead-lag
directions so that rigid-body blade motions about the flexures would accurately represent
the rotor’s fundamental flap and lead-lag modes. With the blade root socket clamped to a
backstop, the first flap and lead-lag frequencies of the blades alone were measured as 9.5 and
33 Hz, respectively, and the second flap frequency was 59 Hz. The first torsion frequency of
the blade without flexures was estimated to be greater than 200 Haz.

Previous model-rotor testing experience has shown that even relatively small differences
in properties from one blade to another can result in very poor data quality in isolated
blade stability tests of rotors with three or more blades. This problem was dealt with by
very carefully matching the blade inertias and flexure stiffness to each other. Before being
instrumented, the flexures for each rotor were honed by hand so that they all had the same
flap and the same lead-lag frequencies when each was mounted with the same blade. Then,
after the flexures were instrumented, a small variable tip mass in each blade, located on the
quarter chord, (see fig. 3) was adjusted so that each flexure-blade assembly had the same
lead-lag frequency as the others. The result was that with the model installed in the wind
tunnel the maximum nonrotating frequency difference between blades was approximately
0.5%. Reference 13 examines the effects of blade-to-blade dissimilarities.

The principal geometric properties of the rotor and mass and stiffness properties suitable
for use in rigid blade analyses are given in table 1. The values given are all measured,
except for the torsional inertia and the flap and lead-lag inertia. The torsional inertia was
computed from the measured torsional frequency and the measured stiffness. The flap and
lead-lag inertia was calculated from the blade and flexure mass distribution. The given mass
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properties include only the mass outboard of the center of the flapping flexure; no lead-lag
flexure or side beam mass is included. The nonrotating frequency values in table 1 are the
most reliable measurements of the set; it is therefore suggested that analysts adjust the
flap and lead-lag flexure stiffnesses as needed to yield the given frequencies. The flap and
lead-lag frequency differences between Rotor I to Rotor II are caused by variations in the
manufacturing process. These frequency differences could be due to variations in the flexure
web thicknesses of less than 0.001 inches. The change in nonrotating flap damping from
Rotor I to Rotor II results from a change in the way the instrumentation leads were routed
off the flexures. In general, the nonrotating damping measurements were quite variable,
ranging from -0.070 to -0.120 for the lead-lag mode, dependent primarily on the amplitude
of the excitation; the values given are averages for excitation levels typical of those used
when the rotor was operating.

An exploded view of the flexure and blade assembly has been included as figure 2.
Figures 4 through 6 show the details of the lead-lag flexures, the side beams, and the flap
flexures, respectively. These drawings and material properties from reference 14 were used
to calculate the running mass per unit length, torsional inertia per unit length, flap bending
stiffness, lead-lag bending stiffness, and torsional stiffness for each of these components. The
results are given in tables 2 through 4. The given torsional stiffness values include the effects
of warping restraint at both ends of the thin webs of the flap and lead-lag flexures . The
radial distributions of these properties for the blade, including the root socket, were taken
from reference 15 and are included here as table 5.

Because actual lift and drag data for the NACA 23012 airfoil is unavailable at the low
Reynolds numbers appropriate for a small-scale, low tip-speed test, steady-bending-moment
data from a test with the same blades used in the present test has been used to estimate
the airfoil characteristics (Bousman, William G., The Effects of Structural Flap-Lag and
Pitch-Lag Coupling on Soft Inplane Hingeless Rotor Stability in Hover, NASA Technical
Paper, to be published). The results are

cq = 0.0079 + 1.702
c = 9.15+ 5.73a

These results apply for positive angle--of-attack below stall, and may be useful for
correlations with the hover results of the present test. The forward flight conditions of the
present test, however, often involve large negative angles-of-attack over significant portions
of the rotor disk, and so the expressions above are less useful. Instead, published airfoil data
for higher Reynolds numbers might be used, perhaps corrected for low Reynolds number
effects.

A photograph of the model installed in the Aeroflightdynamics Directorate’s 7- by 10-
Foot Wind Tunnel is shown in figure 7. Side- and front-view diagrams of the installation
are shown in figure 8. The rotor stand included a gimbal which allowed the upper stand,
enclosed by the fuselage fairing, to roll relative to the lower stand. This roll motion results
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in lateral translation of the rotor hub which excites the blades’ lead-lag motion. A push
rod and an arm extending from the side of the upper stand connected it to a 50-1b electro-
mechanical shaker, located next to the base of the lower stand, which could drive the gimbal
roll motion. The gimbal motion could be locked out by a hydraulic brake. The stand and
shaker were mounted on a base plate located under the tunnel floor. The base plate was
attached to the wind tunnel structure by a hinge at the front and an electric actuator at
the rear which could pitch the entire assembly forward, thereby controlling the rotor shaft
angle. Shaft angles from 0° to ~20° could be obtained. At a given collective pitch angle,
rotor speed, and advance ratio, varying the shaft angle was the only means available to
control the rotor loads. With the shaft vertical, the rotor plane was 38 inches above the
wind tunnel floor.

The rotor stand was designed to be as stiff as possible so that the rotor dynamic data
would be representative of isolated rotor results. The lowest natural frequency of the stand,
with the brake locking out the roll gimbal, was found to be about 25 Hz. This is nearly four
times greater than the rotor lead-lag regressing mode frequency at 1000 rpm, but is slightly
less than the lead-lag progressing mode frequency at that rotor speed.

Instrumentation

For each blade, the flap and lead-lag bending moments at the flexure center were mea-
sured with strain gage bridges. Each flap flexure was also instrumented with a torsion
moment bridge at the outboard end of the web. For Rotor II additional flap and chord
bridges were installed at the inhoard and outboard extremes of the webs of one flexure set
so that the bending moment distributions could be monitored. These signals were routed
from the rotor hub through a slip ring to the nonrotating system. A Hall-effect 1/rev sensor
was used to determine the rotor speed and establish a blade azimuth reference. A 60/rev
signal was also used to give the rotor operator a continuously updated rotor speed measure-
ment. The wind tunnel dynamic pressure and the rotor shaft angle were also measured with
standard instruments. Accelerometers were also installed in both the fixed and rotating
systems to help resolve any uncertainties that might arise regarding rotor-body coupling.

The signals from the strain gages, accelerometers, 1/rev sensor, and, for Rotor II, the
dynamic pressure and shaft angle transducers were low-pass filtered to 50 Hz for anti-aliasing,
amplified, and then digitized by a computer controlled data aquisition system. For Rotor
I data, the shaft angle and dynamic pressure were simply recorded manually. The strain
gage signals were also displayed on oscilloscopes so that rotor loads could be continuously
monitored.

Test Procedures

The pitch of each blade was set with the aid of a small bubble level before each run.
Small adjustments to the pitch of each blade were then made until the rotor tracked at the
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operating rotor speed in hover. In general, the track did not depend on the rotor speed, but
it did deteriorate with increasing advance ratio. After the rotor was established at operating
speed, the wind tunnel was started and the dynamic pressure increased to give the desired
advance ratio. The rotor shaft angle was adjusted as needed to control the rotor loads
during the process. With the rotor and wind tunnel stabilized at the test condition, the
hydraulic gimbal brake was released and the shaker used to drive the upper stand in roll at
the appropriate fixed system rotor lead-lag frequency, progressing or regressing as desired.
When sufficient excitation was evident on the oscilloscope displays of the lead-lag bending
gages, the shaker was stopped, the brake engaged to lock up the upper stand, and the data
aquisition system triggered to record the ensuing transient. At least two separate records
were taken at each test condition so that the repeatability of the measurements could be
assessed. A total of over 2000 damping measurements were made.

Data Analysis

Each record consisted of 5.12 seconds of data, digitized at a sample rate of 100 Hz. The
multiblade coordinate transform was then used to transform the recorded individual blade
signals to the nonrotating system, using azimuth information from the 1/rev signal. The
resulting multiblade sine or cosine lead-lag coordinate time history was then analyzed with
spectral and moving-block techniques (ref. 16) to determine the frequency and damping
of the progressing or regressing lead-lag mode. The details of the implementation of these
analyses are described in reference 17. While the analyses could have been performed on
any of the individual lead-lag signals, the use of the transformed signals generally resulted
in a higher signal-to-noise ratio, and it clearly separated the rotor regressing and progressing
modes from each other. The importance of this separation will be discussed below.

RESULTS

The set of lead-lag regressing mode frequency and damping data obtained in forward
flight is the primary result of this investigaton. Data were also obtained in hover.

Hover

The collective pitches and rotor speeds that define the hover test points are shown in
figures 9(a) and (b), for the configurations with and without structural flap-lag coupling,
respectively. Complete tabulations of the regressing lead-lag mode stability data in hover
are given in table 6 for the configuration without structural coupling and in table 7 for the
configuration with structural coupling. The identifying number of the rotor tested, collective
pitch, rotor speed, shaft angle, and an identifying data point number are given along with
the measured regressing-mode frequency and damping. Each table is sorted by increasing
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collective pitch and rotor speed, decreasing shaft angle, and increasing rotor number. At zero
collective pitch the two rotor configurations are identical, so some data points are included
in both tables 6 and 7,

The fixed system lead-lag frequencies and damping values at zero collective pitch are
plotted as a function of rotor speed in figure 10. The 2/rev frequency separation between
the progressing and regressing modes is as expected for isolated rotor data. The small dif-
ference in nonrotating frequency between Rotor I and Rotor II is the cause of the consistent
spread in the regressing mode frequency data, but for each rotor the actual data scatter
is practically zero. For a truly isolated rotor, any differences in damping between the pro-
gressing and regressing mode results can be caused only by blade-to-blade coupling through
the rotor wake. The small damping differences seen in figure 10 between the progressing
and regressing mode damping values at the lower rotor speeds may be due to wake effects,
but the differences seen at the higher rotor speeds are clearly too great for this explanation.
These damping differences at high rotor speeds indicate that the rotor lead-lag progressing
mode was coupling with the stand. This is not surprising since the progressing mode fre-
quency at 1000 rpm approximately equals the frequency of the lowest stand mode. For rotor
speeds above approximately 600 rpm, the progressing mode data are not representative of
an isolated rotor.

The most important conclusion from figure 10 is that the regressing mode data show no
signs of contamination by rotor-body coupling at any rotor speed. This shows the advan-
tages of using a rotor with three or more blades for isolated rotor dynamics tests. Distinct
progressing and regressing modes do not exist for rotors with less than three blades, and,
due to the periodic coefficients of the governing differential equations, a single blade mode
with the frequency w in the rotating system will appear in the nonrotating system at the two
frequencies 1 4+ w and 2 — w simultaneously. Any blade motions therefore will couple with
the stand at both these frequencies, and any proximity of the high frequency manifestation
of the blade mode (at 2 + w) to a stand natural frequency will equally contaminate the low
frequency manifestation (at 2 —w). For the present stand and blades, at rotor speeds above
600 rpm any two-bladed rotor data would have been contaminated regardless of whether
the excitation was at { + w or {2 — w. Bousman, in the paper mentioned earlier, suggests
that, for a two-bladed rotor to represent the isolated rotor case, the lowest stand natural
frequency should be several times (2 + w). With three or more identical blades, distinct
progressing and regressing rotor modes exist and so any coupling of the progressing mode
with the rotor stand does not affect the regressing mode; therefore the necessary condition
for a model to correctly represent an isolated rotor is that the the lowest stand frequency
be several times greater than the regressing mode frequency. The present model fulfills this
requirement.

Even with three blades, the impulsive locking of the roll degree of freedom following the
shake : input excites the progressing mode to some degree, even when the model is excited
in roll at exactly the regressing mode frequency. The pure regressing mode data can then be
extracted only by making use of multiblade coordinates. In practice the single blade signals
were usually found to give acceptable results when the excitation level was high relative to
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the response to the locking impulse and to the background noise. The multiblade coordinate
results were, however, consistently better, based on the appearance of the time histories and
the moving-block functions, and were less sensitive to the details of the excitation. The only
disadvantage associated with using the multiblade coordinates is the requirement that each
blade be instrumented.

Only the regressing lead-lag mode data will be considered further. Figure 11 shows the
regressing mode damping as a function of rotor speed for collective pitches of 0°, 4°, 6°,
and 8° for the configuration without structural coupling. Figure 11(a) shows that at zero
cullective pitch the Rotor II damping is lower than that of Rotor I, but the dificrences are
small except at the lower rotor speeds. Those differences may be related tv the lower nonro-
tating flap damping in Rotor II. The damping is generally seen to increase with increasing
rotor speed, except for the decrease between 350 and 400 rpm. This decrease grows with
increasing collective pitch, and is associated with the coalescence of the flap and lead-lag
frequencies (ref. 3).

The regressing mode frequency measured without structural coupling is shown to be es-
sentially independent of the collective pitch angle in figure 12. The regressing mode frequency
results obtained with full structural coupling (not shown here) are essentially identical.

The regressing mode damping as a function of the collective pitch is shown in figures 13
and 14 for the configurations without and with structural coupling. For each configuration
data are given for both 750 and 1000 rpm; these are the rotor speeds at which the forward
flight data were taken. The dimensionless rotating lead-lag frequencies at these rotor speeds
are 0.72 and 0.61, respectively. The increase in damping with collective pitch is as ex-
pected for soft-inplane hingeless rotors, without kinematic couplings, away from the flap-lag
frequency coalescence.

The hover testing was conducted in a relatively small test section with the rotor only
0.6 diameters above the floor. Even for this small separation, there are several factors
that indicate that the influence of ground effect and recirculation on the damping data is
minor. Most convincing are the model tests with ground planes reported in reference 2.
These tests showed that the ground planes had little influence on lead-lag damping, even
for very small separations between the rotor and the ground planes. The second factor is
evident from a comparison of the Rotor i and the Rotor II hover results to each other. The
Rotor I hover testing was conducted with the wind tunnel test-section doors open and the
windows removed to reduce recirculation. while the Rotor II hover testing was conducted
with the doors closed and the windows installed. The recirculation present is certainly very
different for these two situations, although neither closely represents a free air hover test. If
recirculation were a major factor, then the data from the two rotors would be expected to
show differences that increase significantly with increasing blade pitch. Figure 13, however,
shows such differences to be small.

In general, the hover data quality, as judged by the small scatter in the results and
the appearance of the time histories and moving-block functions, is very good. Figure 15
shows sample time histories of the cosine lead-lag coordinate and the resulting moving-block
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functions at the regressing mode frequency for the hover cases at 1000 rpm, with collective
pitches of 0°, 4°, and 8°. The ideal moving-block function is a straight line, whose slope
is equal to the damping exponent, with small oscillations at twice the analysis frequency
superimposed (ref. 17). The 0° and 4° cases (figs. 15(a) and (b)), show nearly ideal results,
while the 8° case (fig. 15(c)) shows a somewhat degraded but still very good moving-block
function. These results are typical of the hover data. The degradation of the moving-block
function at higher collective pitches is the result of a decreased signal-to-noise ratio, due
both to increased noise from recirculation, and a lower average signal, due to the higher
damping of these cases. The degradation manifests itself in the damping data as increasing
scatter with increasing collective pitch.

Forward Flight

Forward flight testing was conducted at rotor speeds of both 750 rpm and 1000 rpm, for
the configurations both with and without structural coupling, at collective pitch angles of 0°,
3°, and 6°. The conditions tested without structural coupling are summarized in figures 16
and 17. Figures 18 and 19 summarize the conditions tested with structural coupling. At
each advance ratio, the high negative-shaft-angle limits were set by large negative coning
loads, while the low shaft angle limits were set by high cyclic flapping loads. The data
available for §y = 6° are quite limited due to the high cyclic flapping loads, and therefore
the effects of structural coupling in forward flight were not thoroughly explored by this test.
Only the results for the configuration without coupling will be discussed herein, but the
results obtained both with and without coupling are included in tabular form. Tables 8 and
9 present the data for the configuration without structural coupling at 750 and 1000 rpm
respectively, sorted by collective pitch, advance ratio, and shaft angle. Tables 10 and 11 are
the corresponding tables for the configuration with structural coupling.

Figures 20 through 25 show the regressing lead-lag mode damping as a function of the
advance ratio for the 750 rpm rotor speed, for rotor shaft angles of 0°, —4°, —8°, —12°,
—~16°, and —20°, respectively. Figures 26 through 31 show the corresponding results at 1000
rpm. Each figure shows all of the data available at each collective pitch tested. The data for
Rotor I are limited to the 1000-rpm, zero-collective cases, but includes advance ratio-shaft
angle combinations that re:ulted in higher flapping conditions than Rotor II encountered.
Overall the data scatter is small, and in all cases where data from both rotors are available,
they agree very well with each other.

Significant changes in the damping at the high advance ratios are seen in figures 28
through 31 at zero collective pitch. The abrupt damping increases begin at lower advance
ratios for more forward shaft angles, and are seen only at the high flap load conditions which
only Rotor I encountered. In particular the increases appear related to high negative coning
conditions, however, no flapping angle or thrust measurements are available for correlation.
At these conditions large negative angles-of-attack are encountered over large regions of the
rotor disk. The data at the higher collective pitch angles were limited to lower load levels,
and do not show similar increases within the test envelope.
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The effects of changing rotor shaft angle at fixed advance ratios are shown in figure 32.
Results are shown for advance ratios of 0.05, 0.15, 0.25, 0.35, 0.45, and 0.55. Data from both
rotors are included without distinction. The large damping increases with forward shaft tilt
are again seen at the zero-collective pitch, high speed conditions. The higher advance ratio
cases show the increase to begin at less extreme shaft angles.

No special problems were encountered using the moving-block analysis on the forward
flight data, and in most cases very good results were obtained. As in hover, the more
highly damped conditions tended to show more scatter in the results than did the less stable
conditions. Wind tunnel turbulence was an additional noise source, but this was offset to
some extent by the reduced recirculation. The addition of 1/rev and 2/rev lead-lag loads due
to forward flight also restricted the excitation levels allowable within the lead-lag flexure load
limits, but this was not a major factor. Sample transient time histories of the multiblade
cosine coordinate of the lead-lag motion in forward flight and the resulting moving-block
functions at the regressing mode frequency are shown in figure 33 for a, = 0°, and in
figure 34 for a, = —10°. Both figures are for §, = 0° and advauce ratios of 0.15, 0.35,
and 0.55. All the moving-block results of figure 33, and those of figure 34(a) and 34(b) are
very good. These are all relatively low-damping, low-flapping conditions, and the effects of
forward flight alone are not troublesome. The p = 0.55, a, = —10° case of figure 34(c),
however, shows a somewhat degraded moving-block function. This is a high flapping load
case and was one of the most highly damped cases found in forward flight, so the degradation
is not surprising. The moving-block function for this case is probably the worst encountered
during the entire test, and it is still quite acceptable.

SUMMARY OF RESULTS

An isolated hingeless rotor with discrete flap and lead-lag flexures, relatively rigid blades,
and high torsional stiffness was tested in the Aeroflightdynamics Directorate’s 7- by 10-Foot
Wind Tunnel. The objective of the test was to obtain a database of isolated rotor flap-lag
stability in forward flight for correlation with current and future rotorcraft stability analyses.
The model was tested at advance ratios np to 0.55, for three values of collective pitch, and
for shaft angles from 0° to —20°. Two inplane natural frequencies, 0.61/rev and 0.72/rev,
were tested for config arations with and wit! ut structural flap-lag coupling. Specific findings
include

1. The use of a simple model with no swashplate or pitch bearings eliminated control
system slop and reduced friction damping to a minimum, and this, together with careful
blade-to-blade matching, was largely responsible for the high quality of the test data. The
usc of a three-bladed rotor, rather than a two-bladed rotor, also greatly eased the problem
of unwanted rotor-test stand coupling.

2. The test procedures and data analyis techniques, which were originally developed for
hover, worked very well in forward flight. The use of multiblade coordinate data for the

11




damping measurements generally gave better results than did analysis of single blade signals.
No problems peculiar to rotor stability testing in forward flight were encountered during the
test.

3. The hover data obtained are consistent with previous experimental and theoretical
results for hingeless rotors without kinematic couplings.
4. The most prominent feature of the forward flight data is an abrupt increase in damping

with advance ratio at high speed, high shaft-angle conditions, and zero collective pitch. This
behavior begins at lower advance ratios for more forward shaft angles, and seems related to

high negative coning.
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TABLE 1.-ROTOR PROPERTIES

Property Rotor 1 Rotor 11
Number of blades 3 3
Airfoil section NACA 23012 NACA 23012
Hover tip Mach number at 1000 rpm 0.25 0.25
Hover tip Reynolds number at 1000 rpm 240,000 240,000
Rotor radius, in. 31.92 31.92
Blade chord, in. 1.65 1.65
Radial location of the center of the flexures, in. 3.55 3.55
Radial location of the blade center of mass, in. 11.1 11.1
Mass outboard of the flexure center, slugs 0.0130 0.0130
Flap and lead-lag inertia about flexure center, slug-in? 1.80 1.80
Torsional inertia, slug-in? 0.00294 0.00294
Flexure assembly flap stiffness, in-1b/radian 66.0 66.0
Flexure assembly lead-lag stiffness, in-1b/radian 281 281
Flexure assembly torsional stiffness, in-1b/radian 215 228
Nonrotating flap frequency, Hz 3.09 3.21
Nonrotating lead-lag frequency, Hz 6.98 7.24
Nonrotating torsion frequency, Hz 149 a
Nonrotating flap damping, 1/sec -0.15 -0.09
Nonrotating lead-lag damping, 1/sec -0.09 -0.09

% Not measured.
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TABLE 2.-LEAD-LAG FLEXURE PROPERTIES

Blade Mass, Torsional Flapping Lead-lag Torsional
station, slug/in inertia, stiffness, stiffness, stiffness,
in. slug-in?/in 1b-in? 1b-in? 1b-in?
2.431 0.013 118 0.003 127 5 087 300 5 087 300 4 000 000
2.581 .013 118 .003 127 5 087 300 5 087 300 4 000 000
2.581 .003 568 .000 593 1 845 300 84 202 25 700
2.601 .002 492 .000 405 1 288 600 28 670 25 700
2.621 .002 202 .000 356 1 138 500 19 773 25 700
2.641 .002 117 .000 342 1 094 700 17 578 25 700
2.730 .002 117 .000 342 1 094 700 17 578 25 700
2.762 .001 799 .000 340 1 091 000 14 938 25 700
2.840 .000 765 .000 175 563 600 6 350 25 700
2.918 .000 584 .000 146 471 900 4 850 25 700
2.996 .000 765 .000 175 563 600 6 350 25 700
3.074 .001 700 .000 340 1 091 000 14 938 25 700
3.105 002 117 .000 342 1 094 700 17 578 25 700
3.255 .002 117 .000 342 1 094 700 17 578 25 700
3.255 002 117 .000 342 1 094 700 17 578 1 272
3.280 .000 903 000 144 467 000 1 366 1272
3.304 .000 550 .000 088 284 600 309 1 272
3.329 .000 448 .000 071 231 400 166 1 272
3.777 .000 448 .000 071 231 400 166 1 272
3.802 .000 550 .000 088 284 600 309 1 272
3.826 .000 903 .000 144 467 000 1 366 1 272
3.851 002 117 .000 342 1 094 700 17 578 1 272
3.851 .002 117 .000 342 1 094 700 17 578 25 700
3.901 002 117 .000 342 1 094 700 17 578 25 700
3.901 .002 566 .000 386 1 222 000 32 260 25 700
4.051 .002 566 .000 386 1 222 000 32 260 25 700
4.051 .002 117 .000 342 1 094 700 17 578 25 700
4.101 .002 117 .000 342 1 094 700 17 578 25 700
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TABLE 3.-SIDE BEAM ASSEMBLY PROPERTIES

Blade Mass, Torsional Flapping Lead-lag Torsional
station, slug/in inertia, stiffness, stiffness, stiffness,
in. slug-in?/in 1b-in? 1b-in? 1b-in?
2.633 0.001 650 0.000 237 465 200 296 400 8 277
2.683 001 650 000 237 465 200 296 400 8 277
2.683 .001 905 .000 286 537 000 383 000 8 277
2.833 .001 905 .000 286 537 000 383 000 8 277
2.833 .001 650 .000 237 465 200 296 400 8 277
2.883 .001 650 .000 237 465 200 296 400 8 277
2.883 001 274 .000 171 359 000 191 350 8 277
2.983 001 274 .000 171 359 000 191 350 8 277
3.061 .000 601 .000 104 244 300 90 300 8 277
3.139 000 497 .000 092 221 400 74 670 8 277
3.217 .000 601 .000 104 244 300 90 300 8 277
3.295 001 274 .000 171 359 000 191 350 8 277
3.439 .001 274 000 171 359 000 191 350 8 277
3.517 .000 601 .000 104 244 300 80 300 8 277
3.595 .000 497 .000 092 221 400 74 670 8 277
3.673 000 601 .000 104 244 300 90 300 8 277
3.751 001 274 .000 171 359 000 191 350 8 277
3.851 001 274 000 171 359 000 191 350 8 277
3.851 .001 915 .000 236 539 900 221 300 8 277
3.901 .001 915 .000 236 539 900 221 300 8 277
3.901 .001 661 .000 212 468 100 213 050 8 277
4.051 .001 661 000 212 468 100 213 050 8 277
4.051 .001 915 .000 236 539 900 221 300 8 277
4,101 .001 915 .000 236 539 900 221 300 8 277
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TABLE 4.-FLAP FLEXURE PROPERTIES

Blade Mass, Torsional Flapping Lead-lag Torsional
station, slug/in inertia, stiffness, stiffness, stiffness,
in. slug-in? /in 1b-in? 1b-in? 1b-in?
2.633 0.008 584 0.003 526 2 445 000 9 026 000 591 000
2.683 .008 584 .003 526 2 445 000 9 026 000 591 000
2.683 .008 135 .003 439 2 317 000 8 871 000 591 000
2.833 .008 135 .003 439 2 317 000 8 871 000 591 000
2.833 .008 584 003 526 2 445 000 9 026 000 591 000
2.883 .008 584 .003 526 2 445 000 9 026 000 591 000
2.883 .001 382 .000 450 10 200 1 452 900 342
2.905 000 558 .000 181 671 586 600 342
2.927 000 340 .000 110 151 357 100 342
2.949 .000 276 .000 089 81.6 290 600 342
4.157 000 276 .000 089 81.6 290 600 342
4.179 .000 340 000 110 151 357 100 342
4.201 .000 558 .000 181 671 586 600 342
4.223 .001 382 .000 450 10 200 1 452 900 342
4.223 007 515 002 775 1 889 000 7 139 800 3 548 000
4.243 .007 515 002 775 1 889 000 7 139 800 3 548 000
4.273 .008 054 .002 870 2 042 000 7 295 000 3 669 000
4.303 .011 406 .003 394 3 399 600 7 641 000 4 339 000
4.423 .011 406 .003 394 3 399 600 7 641 000 4 339 000
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TABLE 5.-BLADE AND ROOT SOCKET PROPERTIES

Blade Mass, Torsional Flapping Lead-lag Torsional
station, slug/in inertia, stiffness, stiffness, stiffness,
in. slug-in?/in 1b-in? 1b-in? 1b-in?
4.423 0.006 894 0.001 708 1 770 000 3 660 000 2 180 000
4.484 .006 832 .001 708 1 770 000 3 660 000 2 180 000
4.484 .007 174 .001 708 1 770 000 3 660 000 2 180 000
4.613 007 174 .001 708 1 770 000 3 660 000 2 180 000
4.613 001 643 .000 077 124 000 124 000 95 900
5.078 001 584 .000 076 124 000 124 000 95 900
5.260 .005 932 001 224 124 000 124 000 95 900
5.410 .005 932 .001 224 124 000 124 000 95 900
5.410 000 755 .000 023 45 900 45 900 23 800
5.469 .000 904 .000 027 53 800 53 800 28 800
5.469 .003 696 .000 457 53 800 53 800 28 800
5.529 .003 665 .000 481 99 100 99 100 61 600
5.529 .004 814 000 916 99 100 99 100 61 600
5.659 .004 969 .000 922 101 000 101 000 59 600
5.659 .001 388 .000 053 101 000 101 000 59 600
5.764 .001 460 .000 052 102 000 102 000 56 800
5.764 001 031 .000 021 52 600 52 600 18 700
5.924 .000 237 .000 022 2 280 61 700 1 200
7.924 .000 235 .000 027 2 280 61 700 1 200
31.92 .000 235 .000 027 2 280 61 700 1 200
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TABLE 10.—CONTINUED

Damping,
1/sec

Shoft Frequency,
ratio angle, deg Hz

Advance

Rotor speed,
rpm

Collective
pitch, deg
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Figure 1.-Model hub and blades.
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HUB ADAPTER

PITCH CHANGE
LOCATION FOR THE
CONFIGURATION
WITH FLAP-LAG
STRUCTURAL
COUPLING

LEAD-LAG
FLEXURE

PITCH CHANGE
LOCATION FOR THE
CONFIGURATION
WITHOUT FLAP-LAG
STRUCTURAL
COUPLIN\G

SIDE BEAM

Figure 2.-Explodec view of blade and flexure assembly.
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Figure 4.-Lead-lag flexure; 17-4PH H900 steel; dimensions in inches.
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Figure 5.-Side beam; TI-6AL-4V titanium; dimensions in inches.
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Figure 6.-Flap flexure; 17-4PH H900 steel; dimensions in inches.
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Figure 7.-Model installed in the Aeroflightdynamics Directorate’s 7- by 10-foot wind tunnel
test section.
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20.35" " »|4——37.2" —»

184" ¢ é{/ SHAFT ANGLE
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(a) Side view; a, = 0° and —20°.

- 120" ~|
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AND ROLL
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¥ |TUNNEL FLOOR

SHAKER —

(b) Front view; a, = 0°.

Figure 8.-Installation diagram of the model in the Aeroflightdynamics Directorate’s 7- by
10-foot wind tunnel test section.

83




84

8 r Rotor
L X 1

o0 i o) 11
364
'°.6< o o
Ny {
e}
Q 9
=]
-a4_
Q r
2 ® o o o o o) 0 0O 0 O o o
'g, 1
=R
S
O

0 3 —B—8—C— R O0M >R — X H— I —B———B——

(a) With flap—lag structural coupling

8 X X X X KX XX X X X x X X X

6 X X X XX X X X X X | X X &
X XXX X XX X X X X X X X X
F X X X X X o o

Collective pitch, 6, deg
™ >
T ¥
X
X
X

BB H N30 —H— B — O — BN —B——@
0 200 400 600 800 1000
Rotor speed, 2, rpm

(b) Without flap-lag structural coupling

Figure 9.-Hover test points.
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Figure 10.-Fixed system lead-lag frequencies and damping values versus rotor speed in hover;

6o = 0°.

85




-1.0 ¢ Rotor
[ X |
i o 11
-8t
o r
4 |
} s
s ~6F
Y]
&
o —.4
E l
<
a > - X
-2t 5
x x x K XREXRg o xuyx 8
o ©
O . i L /] S I 1 J
(@) 6,=0°
-1.0 [
_.8 -
(8] |
[<}]
L [
)
s ~6[
< !
£ [
o —.4
£ [ x X X
< f %
() 2‘ N % X X
A X X
x X ale X X .
0 200 400 600 800 1000
Rotor speed, (, rpm
(b) 6,=4°

Figure 11.-Lead-lag regressing mode damping versus rotor speed in hover; configuration
without flap-lag structural coupling.
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Figure 11.-Concluded.
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Figure 17.-Advance ratio, shaft angle, and collective pitch conditions tested at 1000 rpm for

the configuration without flap-lag structural coupling.




Rotor

207 o o© x 1
& o0 g o o 1
3 8
~-15F 2 2 °
o [ O o 0o O
S _ O 0 0 O
w—10 | 0O 0 0 0 ©
g : © o 0O 00O
- . O 0 0O 00 O O
S O © 000 00O OO
ﬁ + O 0O 0 0 ® O 0O ©°
06— 600000 1
N
(@ 06,=0
-20 O O 0 O O
Y O 00O ® O O
?_15 © 00 @O o
5’ O 0 0 ®™ 0 ©O
S O 00 ® O O
= —10 O 00 0 © O
g O 0O OO O O
e s O 0 0 O
E o o
= o
0 c [] 1 1 i T R )
— 0
(b)6,=3
-20 ¢ O o o
é" [,OOO
! o
.0_15" ooo
o]
Y o)
= —10 |
a
<
& -5 ¢
“ -
s [
m a1 . 1 | S | 1 J
0 d 2 .3 4 5 .6

Advance ratio, u

(c) 6,= 6°

Figure 18.-Advance ratio, shaft angle, and collective pitch conditions tested at 750 rpm for

the configuration with flap-lag structural coupling.

96




Rotor

— A q ©
X x X x X 1
X O
X X XX XX . 410
XXXXXOR 1
XXXXAXAXXX@DE . 41 <
XXXXXXXBREBY © 0000 ™
XXXXXXB2DPUES ho 0Oo0o0O0O -h_uo {1 ™
P} ~
XXXXXX00RE® © 0000000 12 ]
XXsuuapena ©000000 . { o
X RAZE2OA OC0000000O0 1 ©0
0000000000 0000000000 TYD 00o0 1™
00000000 © oooooooooom 0000000806 ]
| PSS Y e | | P S Y G--—--.—--—--_mv
© v © v o o © © 0 o o v © o o
T T 7 ! T T T ! * T T !
|
Fop "o ‘a[fue jyeys gop 0 ‘o[fue yeys 89p ‘"0 ‘offue 3jeys

97

(c) 6,= 6°
Figure 19.-Advance ratio, shaft angle, and collective pitch conditions tested at 1000 rpm for
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the configuration with flap-lag structural coupling.



|
(o)
-~
)
(e)
o
Q
h’

|
o

Damping, o, 1/sec
{ |
S NS

& o o o oo 8o 0
o. N i L 1 A L i I3 i 1 I J
() 8,=0°
—.8:

|
(o))

|
N
—
(o]
o]

Damping, o, 1/sec
|
N

|
(o]

|
(o]

Damping, o, 1/sec
[ |
) NS

1 ey 5. i i n Il i A " J

0 1 2 3 4 Re} .6

Advance ratio, u
(c) 6,=6°

Figure 20.-Regressing lead-lag mode damping versus advance ratio; configuration without
structural flap-lag coupling; 750 rpm, a, = 0°.

98




1
®

0 |
V] S
2 -6t
- L
)

0 —.4
2
g- L

_.2 L
s o o o 0O @ O & O
(]

0 A A i 1 " 1 i 1 e 1 A ]
(a) 8,=0°

_.8 -
o 3
8 L
S8
b- s
w—.4
£ '
3 [

S o (o)
£ -2
a [
0 1 2 .3 4 Re} .6
Advance ratio, p
(b) 6,=3°

Figure 21.—Regressing lead-lag mode da-.iping versus advance ratio; configuration without
structural flap-lag coupling; 750 rpm, a, = —4°.

99




| |
(22} (o 2]
L 1

Damping, o, 1/sec
|
>

! ©c 0o 0@ 9®5%
0 i I 1 i 1 S
(a) 8,=0°
-.8 [
o b
[} s
L -6t
- ! \
) [
w—.4 |
g
& _ ,. ©000§®o
&« =}
a i
0 1 2 3 4 Rs} .6
Advance ratio, u
(b) 6,=3°

Figure 22.~Regressing lead-lag mode damping versus advance ratio; configuration without
structural flap-lag coupling; 750 rpm, a, = —8°.

100




I
@

o [
Q L
L -6t
R
b [
w—.4 |
g f
2 [

-2 F 0 O

o
3 o
0 I R | i 1 i 1 1 -
() 6,=0°
-8

I
o))
—r—r

Damping, o, 1/sec
|
-3

—2f % 9900 9o
0 1 1 1 A 1 1 |
(b) 6°=3°
-.8 r
0
[+3]
L -6t}
- S
6 I
w-4 f O
5
g- [
52
Qa \
[
0 1 2 .3 4 5 .6
Advance ratio,
(c) 6,=6°

Figure 23.-Regressing lead-lag mode damping versus advance ratio; configuration without
structural flap-lag coupling; 750 rpm, o, = —12°.

101




L
©

|
o
—r—T

Damping, o, 1/sec
| |
N >
o
o

Damping, o, 1/sec
|
-8

0 — L 1 I 1 ) - ]
(b) 6,=3°
_..8 ~

3
3] s
L -6}
- L
)
w-4 ©°0°
5 [
g
& -2
(an]

0 1 2 .3 4 5 .6

Advance ratio, p

(c) 6°=6°

Figure 24.-Regressing lead-lag mode damping versus advance ratio; configuration without
structural flap-lag coupling; 750 rpm, a, = —16°.

102




i
®
\am

|
o

Damping, o, 1/sec
| J
N NN
o

|
0 1 L | A 1 L )
(a) 6,=0°
_.8 -
U [
8] L
L -6t}
v 3
b- 5
%-.4
g [
g [
E-2] © o e6e
S 8
a
0 1 4 L 1 i P 1 S S |
(b) 6,=3°
-8
o 3
V]
L -6t
i
)
w-49 o0 0900
&
a,
E-2}
® [
a {
0 A .2 .3 4 5 .6
Advance ratio, u
(c) 6,=6°

Figure 25.-Regressing lead-lag mode damping versus advance ratio; configuration without
structural flap-lag coupling; 750 rpm, o, = —20°.

103




-8 r Rotor
3] x 1
v o] 2
L-67
L]

b
w—.4 F
g
o)

_ f 8 X X
§ oo v EED % &
A

0 e - 1 1 i i J
(a) 6,=0°

-.8 i
o 4
[}] s
L -6t
-t L
) E
w—.4 |
o
.a o o
E_2
o
A

0 e 1 . . 'l 4 o i }
(b) 6,=3°

-.8

3)

»

}-.6

)

w—.4 F

&

a [

-2}

] !

(=]

0 | .2 3 4 S .6
Advance ratio, u
(c) 6,=6°
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Figure 30.-Regressing lead-lag mode damping versus advance ratio; configuration without
structural flap-lag coupling; 1000 rpm, a, = —16°.
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